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induction, severity of the seizures, time course of the ex-
periment, and several other variables have a strong in-
fluence on the results and prevent easily generalizable
conclusions from different studies. In addition, strain
and species differences abound: some mouse strains
do not show hippocampal cell death under seizures,
whereas others do. In rats, prominent sprouting of basal
dendrites has been observed, but this appears to be ab-
sent in mice (Plumpe et al., 2006; Shapiro et al., 2005). In
some models, but not others, ectopic granule cells show
up in the hilar region (Scharfman et al., 2000). Finally, the
question remains disputable of whether or not prolifera-
tion of hippocampal precursor cells in the adult pro-
duces granule cell dispersion, one of the morphological
hallmarks of temporal lobe epilepsy, or if this widening
of the granule cell layer is a preceding malformation
that predisposes for seizures (Heinrich et al., 2006; Jess-
berger et al., 2005; Parent et al., 2006). Similarly, the
present study stands in some discrepancy to findings
reported by Overstreet-Wadiche and colleagues, who
found that the functional maturation of new neurons
was accelerated under seizure conditions and resulted
in persistent hyperexcitability (Overstreet-Wadiche
et al., 2006). Scharfman and colleagues had been the
first to show that ectopic hippocampal neurons gener-
ated in a seizure model might behave strangely in that
despite their abnormal location near CA3, they fire with
dentate granule cells (Scharfman et al., 2000). Morpho-
logical evidence has also suggested that seizure-in-
duced neurogenesis might contribute to pathology
rather than regeneration (Parent et al., 2006) and that
prolonged seizures might actually damage the potential
for adult neurogenesis (Kralic et al., 2005). Such appar-
ent contradictions cannot be easily resolved. They indi-
cate that we are dealing with a highly complex matter.
A unifying theory of adult neurogenesis and epilepsy
remains a long-term goal.
But the new report adds a new twist to the issue. Nei-
ther a possible contribution to pathology nor a possible
contribution to regeneration is the key issue here.
Rather, the new neurons appear to adjust their physio-
logical role within the neuronal network to accommo-
date the pathological situation of hypersynchronization
and hyperexcitability that threatens the physiologic bal-
ance of network stability and plasticity. Such fundamen-
tal insight does not explain epilepsy, but it tells a lot
about adult hippocampal neurogenesis and its sophisti-
cated activity-dependent regulation.
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937Channeling to the Nucleus
L-type voltage-gated calcium channels (LTCs) may
control neuronal gene expression by increasing
nuclear Ca2+ levels or regulating Ca2+/calmodulin-
dependent transcription factors. In the November 3
issue of Cell, Gomez-Ospina et al. demonstrate
another signaling mechanism, in which a C-terminal
fragment of LTC translocates to the nucleus in a
calcium-dependent manner and directly regulates
transcription.
Multitasking ion channels manage to control not only the
flow of ions across the membrane but also intracellular
signaling, including transcriptional regulation, as exem-
plified by voltage-gated calcium (Cav) channels, which
mediate Ca2+ influx in response to membrane depolar-
ization and regulate key cellular responses such as
contraction, secretion, synaptic transmission, and dif-
ferentiation in many different cell types (Catterall et al.,
2005). The brain Cav channels are composed of pore-
forming and voltage-sensing a1 subunits in association
with a transmembrane disulfide-linked a2d subunit and
an intracellular b subunit. Among the five types of brain
Cav channels (T, L, N, R, P/Q) that are delineated by the
pharmacological and electrophysiological properties of
their different a1 subunits, L-type channels (LTCs) pro-
duce 1,4-dihydropyridine (DHP)-sensitive Ca2+ currents.
These currents are an important source of calcium entry
Neuron
938Figure 1. Multiple Signaling Pathways from L-Type Cav Channels to the Nucleus
One signaling pathway involving Ca2+ entry through LTCs activates various transcription factors such as NFATc4 and CREB. Increase in intra-
cellular Ca2+ activates calcineurin (CaN)-mediated dephosphorylation of NFAT4c, which triggers nuclear translocation of NFAT4c and NFAT4c-
mediated transcription. Increase in intracellular Ca2+ also activates CaMK and MAPK cascades, leading to phosphorylation of CREB at serine133
and activation of CREB-mediated transcription. Another signaling pathway involves Ca2+-dependent nuclear translocation of a C-terminal frag-
ment of LTC (CCAT), which directly activates transcription.into the cell bodies and dendrites of most brain regions,
including cortex, hippocampus, and cerebellum (Catter-
all et al., 2005). Cav1.2 and Cav1.3 channels containing
a1C and a1D subunits, respectively, are the two major
LTCs in the mammalian brain (Catterall et al., 2005).
LTCs regulate a multitude of processes in the brain, in-
cluding synaptic plasticity, gene expression, neuronal
development, neuronal survival and injury, and hormone
and transmitter release, as well as the activity of other
ion channels (Lipscombe et al., 2004).
Ca2+ entry through LTCs but not other types of Cav
channels is important for initiating signaling cascades
that, in turn, control gene expression (Deisseroth et al.,
2003). How does the LTC-induced Ca2+ rise near plasma
membrane regulate gene expression in the nucleus?
This specificity comes from the fact that calmodulin
(CaM) associated with the LTC conveys local calcium
signals (Dolmetsch et al., 2001). Ca2+-bound CaM at
the mouth of the LTC triggers nuclear translocation of
a transcription factor NFATc to activate NFATc-depen-
dent gene expression or utilizes intermediate players
such as a CaM-dependent kinase (CaMK) cascade and
a Ras/mitogen-activated protein kinase (MAPK) cas-
cade to activate transcription factors, such as Ca2+/
cAMP responsive element binding protein (CREB) and
myocyte enhancer factor (MEF2) (Deisseroth et al.,
2003) (Figure 1). Increase in nuclear Ca2+ levels triggered
by activation of LTCs has also been shown to result in
activation of CREB-mediated gene expression (Deisser-
oth et al., 2003) (Figure 1).
In a recent issue of Cell, Gomez-Ospina et al. (2006)
described a novel mechanism of LTC-to-nucleus signal-
ing, in which a 75 kDa C-terminal fragment of the Cav1.2
(a1c) subunit of LTC functions as a transcriptional regu-lator (Figure 1). Hence, the authors designate this frag-
ment the calcium channel associated transcriptional
regulator, CCAT.
Earlier studies have demonstrated the stable exis-
tence of Cav1.2 channels with C-terminal truncation
and the corresponding cleaved C-terminal fragments
in the brain (Hell et al., 1993), although the physiological
function of this proteolytic cleavage was not well under-
stood. Having obtained biochemical and immunocyto-
chemical evidence that CCAT localizes to the nuclei
of a subset of GAD65-positive GABAergic inhibitory
neurons and other restricted regions of the brain,
Gomez-Ospina and colleagues further showed that
nuclear localization of CCAT is developmentally regu-
lated and is attenuated by increasing intracellular Ca2+
upon depolarization with KCl through activation of
LTCs or activation of NMDA-type glutamate receptors
(NMDARs). These findings led the authors to the hypoth-
esis that CCAT may regulate transcription.
Using a luciferase reporter construct, the authors
show that CCAT activates transcription, a function that
requires both its N- and C-terminal domains. Using
oligonucleotide microarrays and RT-PCR, the authors
also identify CCAT-responsive genes involved in neuro-
nal differentiation, connectivity, and function. Whereas
the possible role of CCAT as a transcriptional repressor
remains to be examined, the authors demonstrate that
CCAT is recruited to the promoter of connexin 31.1
(Cx31.1) and activates transcription of Cx31.1. Reducing
the level of nuclear CCAT by depolarization or shRNA-
mediated knock-down of endogenous Cav1.2 de-
creases the expression of Cx31.1, whereas expression
of CCAT along with shRNA rescues the effect of knock-
ing down the endogenous Cav1.2, suggesting that
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939endogenous Cav1.2 regulates transcription by generat-
ing CCAT. As CCAT is prominent in interneurons, which
are electrically coupled to synchronize their activities
and facilitate rhythmic firings (Connors and Long,
2004), it would be of interest to test whether interneuron
activities would in turn alter CCAT distribution and mod-
ulate the extent of their electric coupling and hence the
network circuitry.
Although these intriguing data suggest a link between
neuronal activity and CCAT-regulated transcription of
neuronal genes, the exact cleavage site of Cav1.2 and
the identity of the protease that generates CCAT have
not been defined. It was reported that the C terminus
of the full-length 240 kDa Cav1.2 is cleaved to yield the
190 kDa truncated channel and the C-terminal 50 kDa
fragment by the Ca2+-dependent cytosolic protease cal-
pain, which is stimulated by activation of NMDA recep-
tors (Hell et al., 1993, 1996). In contrast, Gomez-Ospina
and colleagues report that the C-terminal fragment is 75
kDa and appears to be constitutively generated rather
than activity induced. These studies suggest that the
proteolytic cleavage site that liberates the 75 kDa
CCAT is different from the previously characterized
50 kDa calpain-induced cleavage product of Cav1.2.
Further experiments are needed to map the in vivo pro-
teolytic cleavage site of Cav1.2 that generates CCAT and
to identify the responsible protease(s).
It is also unclear how nuclear import and export of
CCAT is achieved since CCAT does not harbor a canon-
ical nuclear localization signal and at 75 kDa it is too big
to diffuse passively through nuclear pores. In addition,
the precise mechanism by which nuclear CCAT regu-
lates transcription is not fully understood. Gomez-
Ospina et al. demonstrate that CCAT interacts with
p54(nrb)/NonO, an RNA polymerase II binding protein
involved in the regulation of many cellular processes,
such as transcription, RNA processing, and DNA
unwinding and repair (Shav-Tal and Zipori, 2002). If
CCAT associates with DNA to activate transcription,
p54(nrb)/NonO may function as a scaffold to bridge
CCAT and RNA polymerase II.
Another question concerns the physiological signifi-
cance and consequence of CCAT. The authors show
that CCAT overexpression increases neurite outgrowth
of cerebellar granule neurons, whereas expression of
a truncated CCAT decreases neurite lengths. It would
be of interest to determine whether this process is medi-
ated by changes in CCAT-responsive genes, in light of
the recent report that connexin hemichannels may en-
hance neurite outgrowth (Belliveau et al., 2006). In any
case, we can hypothesize that changes in the level of nu-
clear CCAT would induce changes in the expression of
CCAT-responsive genes, which may affect neuronal dif-
ferentiation, connectivity, and function. As nuclear ex-
port of CCAT may be induced by calcium influx due to
activation of LTCs, which also activate the expression
of genes involved in circadian rhythm, synaptic plastic-
ity, and neuronal survival through the transcription
factors NFATc4, CREB, and MEF2 (Deisseroth et al.,
2003), it will be interesting to see if CCAT function in
the nucleus can be linked to these processes.
It is intriguing that nuclear CCAT is restricted to spe-
cific brain regions, including the inferior colliculus, infe-
rior olive, olfactory bulb, and thalamus, and is found onlyin a subset of GABAergic inhibitory neurons in the cortex
and the hippocampus (Gomez-Ospina et al., 2006). In
contrast, the full-length and the truncated Cav1.2 chan-
nels were found in the soma and dendrites of the neu-
rons in most areas of the brain and were also present
in the postsynaptic membrane of dendritic spines in
the hippocampus (Hell et al., 1996, 1993). It is possible
that only a subset of GABAergic neurons may express
the protease, which cleaves Cav1.2 to generate CCAT,
whereas in most brain regions calpain-induced proteo-
lytic cleavage of the postsynaptic LTCs may occur.
Moreover, the striking difference in localization between
nuclear CCAT and Cav1.2 channels suggests that LTC-
to-nucleus signaling and gene expression may be regu-
lated differently in different neurons. For example, in
hippocampal excitatory neurons where nuclear CCAT
is absent, activation of LTCs likely activate gene expres-
sion through NFATc4, CREB, and MEF2 (Deisseroth
et al., 2003). In GABAergic interneurons of the hippo-
campus, sustained Ca2+ influx through LTCs likely trig-
ger nuclear export of CCAT, abolishing CCAT-mediated
gene expression. As a C-terminal cleaved fragment of
the Cav1.2 subunit has been shown to remain associ-
ated with the truncated LTC and inhibit its activity
(Gao et al., 2001), the exported CCAT may interact with
the truncated LTCs and suppress calcium influx.
The article by Gomez-Ospina and colleagues enlarges
the web of events that can trigger LTC-to-nucleus sig-
naling (Figure 1). They describe a mechanism in which
a C-terminal fragment of LTC enters the nucleus and
regulates transcription of neuronal genes. This mecha-
nism results in quick and direct activation of target
genes, bypassing adaptor proteins and kinase cas-
cades. Thus, Cav1.2 channel can be added to the grow-
ing list of the cell surface proteins, including Notch-1,
amyloid precursor protein (APP), and ErbB-4, which
generate proteolytic cytoplasmic fragments that trans-
locate to the nucleus and directly activate gene expres-
sion (Ebinu and Yankner, 2002). Whereas the transcrip-
tionally active fragments of Notch-1 and APP have
been demonstrated to play essential roles in neuronal
development and degeneration, respectively, the phys-
iological function of CCAT awaits elucidation in future
studies.
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